A variety of methods for the identification of Bacillus anthracis, the etiologic agent of anthrax, have emerged over the past century. These tests include determinations of colony characteristics on various media and susceptibility to penicillin and gamma-phage (27) , interaction with specific lectins (4, 5, 9) , demonstration of capsule formation (27, 5) , determination of characteristics of spores and vegetative cells (27) , carbohydrate fermentation tests (24) , fatty acid profiles (18) , anthrax toxin production tests, and tests for pathogenicity in laboratory animals (1, 2, 20, 27, 28, 30) . Demonstration of the production of the components of the anthrax lethal toxin (i.e., protective antigen [PA] and lethal factor) or edema toxin (i.e., PA and edema factor) (21) by an isolate is perhaps the most reliable means of identifying anthrax strains. However, both toxins are encoded by the 110-megadalton pXO1 plasmid (formerly pPA1 [25] ), and strains lacking this plasmid are thereby nontoxigenic. A second, 60-megadalton plasmid, pXO2, encodes the synthesis of the poly-D-glutamyl capsule (10, 32) . The products of both plasmids are required for virulence. Although the identification of most B. anthracis strains can be made with certainty by using a combination of tests, Brown et al. (1) have proposed that transition strains may bridge the traits used to distinguish B. anthracis from the closely related species Bacillus cereus, Bacillus thuringiensis, and Bacillus mycoides (18, 19) .
Techniques for the identification of B. anthracis on the basis of the interaction of the lectin from Glycine max (soybean agglutinin) with a cell wall-associated polysaccharide have been proposed (4, 5, 9) . The polysaccharide is composed primarily of D-galactose and N-acetyl-D-glucosamine (12, 13 ) (Gal-NAG polysaccharide) and represents a major portion of the cell wall (13, 26) . The early studies describing the identification and purification of the Gal-NAG polysaccharide have been reviewed (3) . The polysaccharide * Corresponding author.
has been reported to be essentially unique to B. anthracis strains and has been identified only rarely in B. cereus (14) . For these reasons, Ivanovics and Foldes (14) concluded that the anthrax bacillus is not merely a pathogenic variant of B. cereus, as proposed (1) , but that the universal presence of the polysaccharide among B. anthracis strains indicates its potential for identification. They also proposed that it is the presence of this Gal-NAG polymer in unusual strains of B. cereus (possible transition strains; 1) that chemically and serologically distinguishes them from most other B. cereus strains.
We describe the development and characterization of monoclonal antibodies (MAbs) VOL. 28, 1990 on October 19, 2017 by guest http://jcm.asm.org/ Downloaded from MgSO4, pH 5.0) containing 1 ,ug of DNase and RNase per ml (Sigma Chemical Co., St. Louis, Mo.). Chilled cells were passed through a French pressure cell (SLM Instruments, Inc., Urbana, Iii.) at 32,000 lb/in2, and the disrupted cell suspension was centrifuged at 10,000 x g. The pellet was washed three times in cold 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) plus 2 mM MgSO4 (pH 7.5) at approximately 0.1 g of cells per ml and then washed three times with HEPES-MgSO4 buffer containing 0.1 M NaCI. Microscopy of the material stained with crystal violet revealed an absence of intact cells. Particulate matter was suspended at 0.05 g/ml in phosphate-buffered saline (PBS) (10 mM sodium phosphate in 0.85% NaCI, pH 7.3) and sterilized either by gamma irradiation (3 x 106 rads) while on ice or by autoclaving for 15 min.
Polysaccharide isolation from cell wall. Polysaccharidepeptidoglycan complexes were purified from cell walls by extraction with sodium dodecyl sulfate (SDS) at 90°C. Analysis was as previously described (7). A portion of the material was supplied to the laboratory of R. J. Doyle, University of Louisville, Louisville, Ky., where the Gal-NAG polysaccharide was isolated and purified.
Immunizations. Female BALB/c mice were immunized with a partially purified 2.5 M guanidine-HCl extract of B. anthracis cell walls. Prior to inoculation, the material was dialyzed against distilled water to remove guanidine and maintained lyophilized. The initial vaccination consisted of an intramuscular injection of 10 ,ug of extract in a 1:1 mixture of Freund complete adjuvant and PBS; a second injection on day 14 contained Freund incomplete adjuvant. On days 21 and 28, the mice were injected intraperitoneally with 10 ,ug of extract suspension in 0.1 ml of PBS. Intravenous injection was not possible since the extract was insoluble in physiological buffers. On day 42, the antibody titers to the extract were determined by enzyme-linked immunosorbent assay (ELISA) (7) .
Hybridomas. Spleen cells from immunized mice were fused with logarithmically growing SP2/0-Agl4 myeloma cells (6) . Hybridoma cell cultures were screened by ELISA (7) to determine antibody to the guanidine extract. Fluids that were positive by ELISA were assayed by electrophoretic immunotransblots (Western blots) (7, 31) and indirect fluorescent-antibody (IFA) staining (7) . Selected hybridoma cell lines were sent to Salk Institute, Swiftwater, Pa., for ascites fluid production.
Purification of MAb. Ascites fluid (5 ml) was dialyzed against 20 mM Tris hydrochloride (pH 8.0) for 18 to 20 h, clarified by centrifugation (10,000 x g, 30 min), and pumped onto a 30-ml column of Affi-Gel Blue (Bio-Rad Laboratories, Rockville Centre, N.Y.). The column was washed with 20 mM Tris buffer, and 2-ml fractions were collected until the A280 of the eluant returned to the baseline. The bound antibody was eluted with a 100-ml gradient of 0 to 1.0 M NaCi in 20 mM Tris buffer, pH 8.0. The fractions containing antibody were identified by IFA staining and ELISA. The ELISA was as previously described (7), except that the purified polysaccharide-peptidoglycan complex antigen was bound as follows: 20 ,ug of cell wall suspended in distilled H20 was added per well of Linbro polystyrene microdilution plates, dried at 60°C in a convection oven, and fixed with methanol for 5 min. Fractions from the Affi-Gel Blue column that demonstrated the greatest activity were pooled, and the protein concentration of the material was determined by the Pierce BCA protein assay (Pierce Chemical Co., Rockford, 111.). The assay was performed in microdilution plates (Linbro) with bovine serum albumin as the standard, and the A540 (Fig. 1) (Table 1) .
ELISA. Because native polysaccharide binds poorly to polystyrene microdilution plates, the polymer was conju-gated to stearoyl chloride in the laboratory of R. J. Doyle by the method of Hammerling and Westphal (11) . The optimal concentration of the conjugate for coating the wells was determined for each preparation. After addition of the conjugate (100 pil/ml), the plates were incubated at AT for 18 to 20 h. Quench buffer (PBS plus 0.5% gelatin and 5% powdered milk, pH 7.5) was added (300 pl per well), and the plates were incubated at AT for 30 min. The wells were washed four times with PBSG. Tween 20 was omitted because it released the o-stearoyl-polysaccharide conjugate from the plates. MAbs were titrated in PBSG and incubated for 1 h at 37°C, and the wells were washed four times with PBSG. Goat anti-mouse IgA, IgG, and IgM-horseradish peroxidase (Cappel Laboratories) and substrate were added, and A45 was determined in a Bio-Tek EL308 microplate reader as previously described (7) 
RESULTS AND DISCUSSION
MAb to vegetative cell-extracted antigens. The majority of the MAbs developed against the guanidine-extracted antigens stained vegetative cells by IFA assay in an irregular, patchy manner (data not presented) and were not specific for B. anthracis, in that a few B. thuringiensis strains also stained. These MAbs generally reacted on Western blots with a 93-kilodalton surface protein termed extractable antigen 1 (EA1) (7). Of special interest was a small percentage of MAbs which specifically stained B. anthracis vegetative cells uniformly and intensely by IFA assay (Fig. 1) . In addition, none of the specific MAbs interacted on Western blots with any of the proteins extracted with SDS from whole B. anthracis cells (7) .
Two of the specific MAbs, designated 5G4 and 6G6, were selected for further study. Unlike MAbs to the EA1 protein, which were typed as IgG, both of the specific MAbs were IgM with kappa light chains and, as described below, appear to be directed to the galactose-N-acetylglucosamine polysaccharide associated with B. anthracis cell walls.
Interaction of polysaccharide MAbs with spores and encapsulated vegetative cells. Refractile and presumably dormant spores, as seen under phase microscopy ( Fig. 2A) , were not stained by the MAbs when viewed under fluorescence (Fig.  2B) . Interestingly, the central portion of what appeared to be germinating spores ( Fig. 2A ) was intensely stained with polysaccharide MAbs (Fig. 2B) . A comparison of Fig. 2A and B revealed that the ends of the germinating spores did not stain, suggesting that the ends are protected by the residual spore coat. Our data support the premise that B. anthracis spores germinate in a manner similar to that of other Bacillus spp. That is, after elongation of the core of the emerging vegetative cell within the germinating spore, the spore coat splits equatorially along the long axis and then separates away to both terminals of the elongated core, where it remains attached (33) . This is consistent with the VOL. 28, 1990 on October reported retention of the spore coat as polar caps by B. anthracis, B. cereus, and B. mycoides vegetative cells after spore germination (2) . These data suggest that the polysaccharide MAbs can be used for indirect identification of B. anthracis spores by first incubating the spores under appropriate culture conditions to induce germination and then staining the emerging vegetative cells.
To determine the usefulness of the two MAbs for identi- (16) were treated with the hybridoma cell culture fluids containing polysaccharide MAbs 5G4 and 6G6. Although the fixative used did not provide optimal fixation, it did protect the antigenicity of the preparations and thereby permitted immunostaining. Both MAbs clearly stained the cell walls and septae of the Sterne strain vegetative cells (Fig. 3) . Neither MAb stained the cell walls of the B. subtilis strain which lacked the Gal-NAG polysaccharide, and there was no staining of the B. anthracis cell wall by the gold conjugate when the polysaccharide MAb was omitted (data not shown). The ASterne strain, which lacked both pXO1 and pXO2 plasmids, stained identically to Sterne, thereby supporting the premise that the polysaccharide was encoded chromosomally. The observation that intact spores were not stained by IFA was consistent with immunogold electron microscopy studies in that the MAbs reacted only with the spore cortex but did not react with the external spore coat or exosporium. The staining of the cortex by the polysaccharide MAbs was not surprising, since the cortex is derived from the cell wall of the sporangium. The internal layers of the formaldehyde-fixed spores were generally more discernable in those lacking an exosporium (Fig. 4A) , perhaps due to the protection of the underlying structures from the fixative by this outer structure (Fig. 4B) .
Determination of MAb interaction with Gal-NAG polysaccharide. Cell wall peptidoglycan fragments were prepared by disruption and SDS extraction of cell walls (7) doglycan fragments from the B. anthracis strains but did not stain those from the other two species. The complexes were devoid of protein, lipid, and nucleic acid (7) . Since the three species possessed the same type of peptidoglycan, characterized as having directly cross-linked m-diaminopimelic acid (29) , it is possible that the MAbs were directed to some unique nonprotein, nonlipid, and nonnucleic acid component associated with the B. anthracis peptidoglycan complex (possibly the Gal-NAG polysaccharide).
Both MAbs selected for study were tested by ELISA for their interaction with o-stearoyl-polysaccharide conjugate. In the presence of PBSG, MAb 5G4 interacted well with the conjugate (Fig. 5) . Both 0.5 M galactose and lactose strongly inhibited the reactivity of the MAb with the polysaccharide conjugate, whereas 0.5 M glutamate and NAG weakly inhibited the reaction compared with the PBSG control. In other experiments, glucose and sucrose inhibited the reaction approximately 75% of that seen with galactose and lactose, whereas glycine and glycerol were not inhibitory. The data indicated that the MAbs were directed, at least in part, to pyranose ring moieties. The inhibition by glucose but not by NAG also suggested that pyranose carbon in position 2 (14) that the Gal-NAG polysaccharide distinguished B. anthracis from B. cereus, and we concur that it should be used taxonomically (14) . Except possibly for the misidentified B.
megaterium strain discussed, all anthrax strains tested to date possess the Gal-NAG polysaccharide. We therefore propose that the species B. anthracis be defined as including those strains that possess the Gal-NAG polysaccharide, are predominantly nonhemolytic, are gamma-phage susceptible, and are nonmotile. Isolates should also be tested for poly-D-glutamyl capsule and PA production, with the understanding that certain strains may lack either or both ofthese traits. We disagree with past attempts to designate B. anthracis as a variant of B. cereus (1, 8, 29) , since most B. cereus strains are motile and hemolytic, lack the Gal-NAG polysaccharide, and are not susceptible to gamma-phage.
